In this paper, multi -type Flexible AC Transmission System (FACTS) devices are optimally located for enhancing the loadability of an existing power network within the security margins. Line Stability Index is used to determine the critical lines of the system in increased loading of transmission lines and is used to determine the optimal location of FACTS devices. Differential Evolution Algorithm (DE) is used to determine the optimal location and control parameter settings of the FACTS devices. Among the various FACTS devices, Unified Power Flow Controller (UPFC) and Thyristor Controlled Series Capacitor (TCSC) are chosen and modeled for steady state studies. IEEE-30 bus test system is used for simulation studies and the results are compared with Genetic Algorithm (GA) to show the advantage and feasibility of the DE approach. Further the results demonstrate that the system loadability can be increased by optimal location and control parameter settings of the multi -type FACTS devices.
Introduction
The existing transmission network is well designed in a way to handle the load at the time of commissioning. Subsequently due to increasing demand of power and deregulation norms followed in some countries create security and reliability problems in existing transmission network. Due to these conditions, the transmission lines get overloaded leading to voltage instability, real and reactive power imbalance and threaten the stability of the system. This problem can be overcome by installation of new transmission lines, but the feasibility gets decreased due to economical issues. Network operators are forced to utilize the existing system to its maximum capability within the security margins. This can be achieved by the introduction of Flexible AC Transmission Systems (FACTS) in the power system. FACTS devices are power electronic dynamic controllers that improve the system performance by controlling the transmission line impedances, magnitude and phase angle of bus voltages. The advantages of these controllers are that they can control both real and reactive powers; maintain the bus voltages at their limits; increase the loadability of the system within security limits; and by proper reactive power management can reduce the transmission loss [1, 2] .
Among various FACTS controllers, Unified Power Flow Controller (UPFC) and Thyristor Controlled Series Capacitor (TCSC) are chosen for our study. Unified Power Flow Controller is the most versatile and effective device which can independently or simultaneously control the active power, the reactive power and the bus voltage to which it is connected [3, 4] . Thyristor Controlled Series Capacitor offers smooth and flexible control of power by its series compensation [5, 6] .
Based on Newton-Raphson algorithm, several steady-state UPFC models have been proposed. Some are decoupled model, power injection model and comprehensive NR model. Each model has its own merits and demerits. The advantage of power injection model is that it can be easily implemented in already existing Newton-Raphson power flow algorithm and UPFC can be operated as a voltage regulator, a series compensator and a phase shifter [7] . Static modeling with injected-power is used for TCSC device [6] .
Voltage Stability represents the ability of the system to maintain the acceptable voltages in all the buses under normal conditions. When the load demand increases Voltage Collapse could happen due to inadequate supply of reactive power by the system. This is overcome by the usage of FACTS controllers. As these controllers are expensive, placing them at the right location for optimal utilization becomes an important criterion. Several indices like Line Stability Index (LSI), Fast Voltage Stability Index (FVSI), and Performance Index (PI) are used to determine the optimal location of FACTS devices. In this paper, Line Stability Index is used.
OPF is a static nonlinear constrained optimization problem. The solutions of OPF are used for system planning and operation. Several conventional methods like linear programming method [8] , quadratic programming [9] , and gradient based method [10] are proposed to provide optimal solution. When the search space is discontinuous, non-differentiable and if the variables used are in discrete form, these methods do not provide a best optimal solution. This limitation of conventional methods are overcome by evolutionary computing techniques like Tabu Search (TS), Simulated Annealing (SA), Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Differential Evolution (DE), Bacterial Foraging Algorithm (BFA) and many others in Optimal Power Flow [11] [12] [13] [14] .
In this paper, Differential Evolution and Genetic Algorithm are used in OPF technique to determine the optimal location and control parameter settings of UPFC and TCSC to have maximum loadability in an existing system. This paper is structured as follows. Section 2 deals with steady state modeling of UPFC and TCSC devices. In Section 3 the problem for the study is formulated. Section 4 presents an overview of Differential Evolution algorithm. Section 5 describes the Line Stability Index. Section 6 analyses the results of DE and GA algorithms. Section 7 summaries the ideas presented in this paper.
Static Modeling of FACTS Devices

Unified Power Flow Controller
UPFC is a combined compensator which is a combination of a STATACOM and a SSSC FACTS device. It can be easily incorporated in a power flow program [15] . UPFC power injection model is presented in Figure. 
If a UPFC is located between node p and node q in a power system, the admittance matrix is modified by adding a reactance equivalent to Xs between the nodes p and q. The Jacobian matrix is modified by addition of appropriate powers.
2.2
Thyristor Controlled Series Capacitor TCSC is series compensator which can alter the impedance of the transmission line by add ing a reactance in either inductive or capacitive mode. Equivalent circuit of TCSC is presented in Figure. The power flow equations of the branch after the insertion of TCSC are:
Problem Formulation
The main objective of the OPF is to determine the maximum loadability of the system within the thermal limits of the conductors, voltage limits of buses, satisfying its system equality and inequality constraints, FACTS devices (UPFC & TCSC) constraints and security constraints.
Objective Function

Maximize
Where  : load Factor Subjected to the constraints Equality Constraint: Power flow equation 
Differential Evolution Algorithm
Differential Evolution (DE) was proposed by Storn and Price in the year 1995 [16] . It is similar to Genetic Algorithm (GA) which uses the operators like crossover, mutation and selection. It uses mutation operation for search mechanism and selection operator to direct the search in right direction of the search space. It employs a greedy selection process which leads to faster convergence compared to GA. It is used to find the best optimal solutions for non-differentiable, non-continuous and nonlinear objective functions which have many local minima. It is a population based algorithm and the population size remains constant throughout the optimization process. Like other evolutionary programming techniques, DE chooses a random initial population and tries to cover the entire parameter space uniformly.
In this work, the implemented DE technique can be described as:
Step I: Initialize the population size , number of generations, the minimum and maximum limits of active and reactive powers of the generators, voltage limits of the buses, maximum loading capacity of each transmission line, UPFC & TCSC control parameters' limits.
Step II: Generate an initial population (P) randomly as in equation (21). The population P consists of N individuals that evolve over G generations to reach an optimal solution. Each individual has a dimension D that equals the number of control parameters as in equation (22). Step III: Perform the mutation operation to introduce new parameters into the population. It is performed by randomly choosing three vectors from population which are different from each other. Mutant vector is calculated using equation (24). Scaling constant S [0, 1.2] is used to fasten the convergence Step IV: Perform the crossover operation to create a trial vector which is used in the selection process. Generate a random number and compare it with the crossover constant CR [0, 1]. The trial vector is obtained using the equation Step V: Perform selection operator which generates new offsprings for next generation by evaluating and comparing the fitness of trial vector & corresponding target vector. Selection is done in the way as in the equation (26).
Step VI: Evaluate the objective function satisfying all the constraints.
Step VII: Check for the convergence. If the convergence criterion is met continue with step VIII else a new optimization starts again taking the new population from step III to step VII.
Step VIII: Stop the process. Print the optimal location of UPFC & TCSC, optimal scheduling of generators, optimal control parameter values of UPFC & TCSC, load factor and the generation number at which the optimal solution is obtained.
Optimal Location of FACTS Devices
Line Stability Index
Voltage Stability of the system is one of the main factors of the system security. Several voltage stability indices have been proposed to determine the critical line and voltage collapse point of the system. Line Stability Index is one such index which is derived from the two bus system model [17] .
Line Stability Index provides more accurate results than other voltage stability indices as it uses both the real power and reactive power in determination of voltage stability. In a system, the largest positive value of LSI close to one determines the critical line which is nearing its stability limit.
Case Studies and Results
The objective of this work is to find the optimal location and optimal control parameter settings of UPFC and TCSC to have a maximum loadability of the system within the security limits. IEEE -30 bus test system which has six generators, 24 load buses and 41 transmission lines is taken for the study [18] . Coding is done in MATLAB 7.5 for with and without FACTS devices. Differential Evolutionary algorithm is used for optimization and to show the advantage and feasibility of DE, real coded Genetic algorithm is also used.
In this study the population size (P) chosen is 50 and number of generations (G) is 100.The N control parameters chosen are PG2, PG5, PG8, PG11, PG13,V2, V5, V8, V11, V13, location, r, , xtcsc & . PG2, PG5, PG8, PG11, PG13, V2, V5, V8, V11, V13 are initialized based on IEEE 30 bus data [18] . Two scenarios with four cases are considered for the study. In scenario I, real power loading is considered and in scenario II, real and reactive power loading is considered to determine the maximum loadability of the system. The four cases are finding maximum loadability (i) without insertion of FACTS devices, (ii) with insertion of a TCSC device, (iii) with insertion of a UPFC device and (iv) with insertion of a combination of UPFC and TCSC devices. Figure 3 Convergence results of DE and GA algorithms
The maximum loadability of a IEEE 30 bus system is found without insertion of any FACTS devices in the system using Differential Evolution Algorithm and Real coded Genetic Algorithm and the results are tabulated in Table 1 and the convergence results are shown in Figure  3 . This result shows that the DE Algorithm has better convergence than GA algorithm.
Line Stability Index is used to determine the critical lines of the system.In this study critical lines of the system are studied by loading the system in four different ways.They are (i) increasing the real power load in all the load buses; (ii) increasing the reactive power load in all the load buses; (iii) increasing the real and reactive power loads simultaneously in all the buses and (iv) increasing the real and reactive power loads at some load buses . The Line Stability Index is calculated in all the cases. From the results obtained, the critical lines are tabulated in Table 2 . DE Algorithm is used to find the maximum loadability in two approaches. In first approach, TCSC is inserted in top five critical lines individually; maximum loadability is determined and the results are shown in Figure 4 .
In the second approach the location of insertion of TCSC is considered as one of the control parameter. The obtained results are tabulated in Table 3 . The results of both approaches indicate that inserting a TCSC device in transmission line branch 9-10 yields the maximum loadability As both the approaches provide identical result, using the location of FACTS device as a control parameter, as used in the second approach proves to be a less time consuming approach. Using the second approach, maximum loadability is calculated for UPFC device insertion scenario and UPFC+TCSC devices insertion scenario and the results are tabulated in Table 4 and Table 5 respectively. Figure 4 Maximum loadability of top five critical lines The comparative results shown in Figure 5 indicate that loadability of a system is increased by inserting FACTS controllers in the system. For scenario II, the same system is tested for real and reactive power loading in all the load buses and the results are briefly tabulated in Table 6 . 
Conclusion
The over utilization of transmission system leads to voltage violations and overloading of transmission lines. It is mandatory to keep the system working within the security limits to maintain the stability of the system. This work focussed on increasing the utilization of the system within its security limits using UPFC and TCSC devices. The results proved that by optimal placement of these devices with their optimal control settings enhances the system loadability. Line Stability Index was used to determine the critical line which helps in determining the location of the FACTS devices. The study indicates that using the location of FACTS device as a control parameter for the calculation of maximum loadability of the system is less time consuming for identifying the critical line. Regarding the optimization techniques used, the results indicate that DE gives a better optimal solution with faster convergence compared with GA. Besides utilizing the system to its maximum extend, it is important to have an economical operation. The cost of FACTS devices has to be considered for an economical solution.
Our future work will be focused on maximum utilization of the system in an economical way.
